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Chronic intake of Western diet has driven an
epidemic of obesity and metabolic syndrome, but
how it induces mortality remains unclear. Here, we
show that chronic intake of a high-fat diet (HFD),
not a low-fat diet, leads to severe pulmonary damage
and mortality in mice deficient in Toll-like receptors 2
and 4 (DKO). Diet-induced pulmonary lesions are
blocked by antibiotic treatment and are transmis-
sible to wild-type mice upon either cohousing or
fecal transplantation, pointing to the existence of
bacterial pathogens. Indeed, diet and innate defi-
ciency exert significant impact on gut microbiota
composition. Thus, chronic intake of HFD promotes
severe pulmonary damage and mortality in DKO
mice in part via gut dysbiosis, a finding that may
be important for immunodeficient patients, partic-
ularly those on chemotherapy or radiotherapy,
where gut-microbiota-caused conditions are often
life threatening.INTRODUCTION
Interactions between diet, gut microbiota, and host genetics
are increasingly recognized as critical determinants of nutrient
metabolism, health, and well-being (Clemente et al., 2012). Gut
microbes have coevolved with their hosts and developed a sym-
biotic relationship. Under healthy conditions, intestinalmicroflora
plays an essential role in the digestion and metabolism of nutri-
ents, colonization resistance of pathogens, and development
and regulation of innate and adaptive immunity of the host
(Hooper et al., 2012; Taur and Pamer, 2013). Changes in diets
and alterations in host immunity and microbial ecology may alterhost-microbial homeostasis, leading to gut dysbiosis. These
pathological events have been reported in the pathogenesis of
immunological diseases (Taur and Pamer, 2013) and obesity
and its associated complications, including insulin resistance
(Vijay-Kumar et al., 2010), cardiovascular disease (Wang et al.,
2011), and fatty liver disease (Henao-Mejia et al., 2012). However,
the link between diet and mortality remains unclear.
Acute high-fat diet (HFD) intake causes glucose intolerance
and alters adipose inflammation (Ji et al., 2012a; Sun et al.,
2012a) and microbial composition (Clemente et al., 2012; Turn-
baugh et al., 2009a, 2009b). Chronic HFD intake shifts microbial
community composition in obese animals and humans, which
may help increase energy absorption (Clarke et al., 2012; Turn-
baugh et al., 2006). In addition, chronic HFD intake may promote
the expansion of pathobionts leading to the development of
colitis or hepatocellular carcinoma in various mouse models
(Devkota et al., 2012; Turnbaugh et al., 2006; Yoshimoto et al.,
2013) and increase gut permeability and bacterial translocation,
a condition termed metabolic endotoxemia (Cani et al., 2007). In
addition to diet, innate immunity is known to shape commensal
microbiota (Jin and Flavell, 2013). Defects in innate immunity
favor the overgrowth of pathogenic bacteria that promote
intestinal inflammation and induce colitis in immunocompetent
wild-type (WT) mice upon cohousing with mutants (Elinav
et al., 2011; Garrett et al., 2007). Moreover, dysfunction of Pan-
eth cells, a specialized intestinal cell type secreting antimicrobial
peptides, compromises innate immunity and alters gut micro-
biota composition (Bevins and Salzman, 2011; Salzman et al.,
2010). In mice lacking MyD88, an adaptor protein that medi-
ates Toll-like receptor (TLR) signaling, expression of antimicro-
bial peptides is reduced (Vaishnava et al., 2008). Interestingly,
a recent study showed that alterations in the microbiota of
TLR-deficient mice are mediated by familial transmission rather
than innate deficiency (Ubeda et al., 2012). Thus, it is likely that
both innate immunity and familial transmission may play a role
in shaping microbiota composition.Cell Reports 8, 137–149, July 10, 2014 ª2014 The Authors 137
TLRs are important for the induction of innate and adaptive
immune responses against pathogens such as viruses, fungi,
bacteria, and protozoa (Kumar et al., 2009). Among a dozen fam-
ily members, TLR2 and TLR4 are the best characterized and
exhibit distinct and overlapping ligand specificities (Takeda
et al., 2003). It has been proposed that obesity may be associ-
ated with increased systemic levels of ligands for TLR2 and
TLR4 such as high-mobility group B1 protein, heat shock pro-
teins, endotoxins, and so forth (Cani et al., 2007; Dasu et al.,
2010). Loss of TLR2 or TLR4 attenuates inflammation in various
tissues and improves insulin sensitivity; however, the results are
mixed (Jin and Flavell, 2013; Sun et al., 2012a). A recent study
showed that loss of TLR2 alters gut microbiota composition, in-
creases circulating toxin levels, and promotes insulin resistance
and obesity (Caricilli et al., 2011). Thus, TLR signaling may play
an important role in linking gut bacteria to metabolic regulation
in the context of obesity. Serendipitously, while characterizing
the metabolic effect of both TLR2 and TLR4 signaling pathways
in vivo, we found that chronic intake of HFD, not low-fat diet
(LFD), promotes severe pulmonary damage and mortality in
mice deficient in both TLR2 and TLR4 (DKO hereafter). The lethal
pulmonary damage phenotype is transmissible to WT mice
following cohousing or fecal transplantation with DKO mice
and is secondary to the pulmonary cell damage likely caused
by toxins derived from pathogenic gut microbes.
RESULTS
Chronic Intake of HFD Causes Severe Acute Pulmonary
Damage in DKO Mice
WT and DKO mice were fed either a 13% LFD or 60% HFD
starting at the age of 6 weeks, where 13% and 60% of calories
were derived from fat, respectively. DKO mice fed the HFD over
38 weeks exhibited a significantly higher mortality rate, with a
6-fold higher risk of death than an age- and gender-matched
WT cohort: 10 out of 17 (60%) DKO mice died, whereas only 2
out of 22 (9%) WT mice died within 38 weeks when fed the HFD
(Figure 1A). Importantly, none of the DKO and WT mice on the
LFD died over the course of a year (Figure 1B), suggesting that
mortality is HFD dependent. DKOmice did not die frommalnour-
ishment, as they grew well on either diet, and, if anything, were a
bit heavier than theWT cohort (Figures S1A and S1B). DKOmice
exhibited improved metabolic parameters compared to the WT
cohort in terms of fasting glucose and hepatic steatosis (Figures
S1C and S1D) as well as other parameters (data not shown).
Affected DKO mice deteriorated quickly, exhibited respiratory
distress and shortness of breath, and died within days. Postmor-
tem examination invariably revealed severe pleural effusion and
diffuse pulmonary edema and hemorrhage (Figures 1C and 1D).
The cellularity of the pleural effusion consisted of blood leuko-
cytes including CD4+/CD8+ T cells, B220+ B cells, and F4/80
Gr1+ neutrophils (Figure 1E). There was no notable hemorrhage
or effusions in other organs and body cavities nor gross abnor-
malities in other organs and tissues such as the liver and spleen
(Figure S1D and data not shown), excluding systemic illness or
sepsis as a cause of death and lung injury. Histological examina-
tion of the lungs ofWTmice fed the HFD or DKOmice on the LFD
revealed normal pulmonary architecture with well-aerated air-138 Cell Reports 8, 137–149, July 10, 2014 ª2014 The Authorsways and alveolar parenchyma and intact cellular structure (Fig-
ure 1F; Figure S1E). By contrast, the lungs of DKO mice fed the
HFD that died or were euthanized displayed severe, diffuse,
acute pulmonary edema and hemorrhage (Figure 1G). Notably,
two WT mice on the HFD died of other causes with no signs of
pulmonary damage (data not shown).
Nonhematopoietic Expression of TLR2 and TLR4 Is
Critical for Protection from Diet-Induced Pulmonary
Damage and Premature Lethality
Next, we performed bone marrow transplantation (BMT) to
determine whether the expression of TLRs in the hematopoietic
and/or nonhematopoietic compartment is responsible for diet-
induced mortality. Four chimeric cohorts were generated using
either WT (WT➞WT and DKO➞WT) or DKO (WT➞DKO and
DKO➞DKO) mice as recipients. To prevent infection, recipients
were treated with a combination of antibiotics, ciprofloxacin
and metronidazole, in drinking water 2 weeks before and
1 week after the irradiation for a total of 3 weeks. Chimeric
mice were allowed to recover for 6 weeks and were then placed
on the HFD (Figure 2A). Within 30 weeks, DKO recipient chi-
meras, either WT➞DKO or DKO➞DKO mice, exhibited a sub-
stantially higher mortality rate of 36% and 64%, respectively,
whereas all WT recipient chimeras (DKO➞WT and WT➞WT)
survived (Figure 2B), suggesting that nonhematopoietic TLR2/
TLR4 is indispensable for diet-induced mortality. Interestingly,
WT➞DKO mice have reduced mortality when compared to
DKO➞DKO mice (Figure 2B), pointing to a partial protective
role of hematopoietic TLR2/TLR4 in disease pathogenesis.
Whereas all the WT recipients exhibited normal lung architec-
ture, the dying DKO recipients exhibited acute pulmonary dam-
age similar to that in the DKO mice (Figures 2C and 2D). All
chimeras survived on the LFD (Figure 2E), suggesting that the
mortality is diet dependent and not caused by irradiation.
Thus, we conclude that TLR2/TLR4 actions primarily in nonhe-
matopoietic compartments protect against HFD-induced lethal
pulmonary damage and mortality.
Diagnosis of the Cause of Death: Noncardiogenic
Pulmonary Edema with Hematogenous Injury to the
Lungs
Pulmonary edema can be either cardiogenic as a result of heart
failure and increased capillary hydrostatic pressure or noncar-
diogenic as a result of increased vascular permeability of the
lungs (Murray, 2011; Perina, 2003). Because no morphological
evidence of myocardial disease and no edema in peripheral tis-
sues were observed in moribund DKO mice (Figures S1F and
S1G), the cause of death was likely noncardiogenic. The causes
for noncardiogenic pulmonary edema are diverse: either direct
injury to the lung including alveolar epithelium by drugs and
toxins or indirect injury as a result of systemic inflammatory re-
sponses against pathogen infection (Perina, 2003). Because tis-
sue damage in the DKO mice fed the HFD was limited to the
lungs, we excluded the possibility of severe sepsis and multior-
gan failure. Moreover, because the lesions were diffuse and pre-
sent throughout the lungs of DKO mice (Figures 1F and 2D), we
concluded that a hematogenous injury rather than an aeroge-
nous one to the lungs (e.g., inhaled toxins or bacteria) is the
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Figure 1. Chronic Intake of HFD Causes Severe Acute Pulmonary Damage and Mortality in DKO Mice
(A and B) Survival curves of WT and DKOmice on HFD (A) or LFD (B) over a 40- to 50-week period. Statistical analysis was performed using the log-rank (Mantel-
Cox) test.
(C) Representative image of the thoracic cavity and lung of moribund DKO mice showing severe acute pulmonary damage. h, heart; +, diaphragm. Arrows
indicate pleural effusion.
(D) Representative images of lungs taken from WT and moribund DKO mice. Hemorrhagic pleural effusion was collected and is shown in a tube. n = 7.
(E) Representative flow cytometric analysis of T cells (CD4+ or CD8+), B cells (B220+), and neutrophils (Gr1+ F4/80) in pleural effusion frommoribund DKOmice.
Representative data of three independent experiments are shown.
(F and G) Representative H&E images of lungs fromWT andmoribund DKOmice on HFD at low (F) and high (G) magnification. RBCs, red blood cells. The asterisk
indicates edema fluid in the lumen of alveoli. Representative data of five independent cases are shown.
See also Figure S1.most likely etiology. Indeed, recent studies showed that TLR2/
TLR4 are not required for pathogen resistance following intra-
nasal infection (Jamieson et al., 2013; Lammers et al., 2012;
Skerrett et al., 2007). Thus, we conclude that DKO mice fed an
HFD may die from hematogenous pathogenic insults.
Antibiotic Treatment Rescues Lethal Pulmonary
Damage and Mortality
Because the mortality of DKO mice was diet dependent and
required nonhematopoietic expression of TLR2/TLR4, we next
addressed the role of gut bacteria in disease pathogenesis. We
administered DKO mice orally with broad-spectrum antibiotics
consisting of ampicillin, neomycin, vancomycin, and metronida-
zole concurrently with HFD feeding. Administration of antibioticsexpectedly reduced the levels of total fecal bacteria with no
significant impact on body weight, daily food intake, and body
temperature (Figure S2). Dramatically, antibiotic treatment pre-
vented the death of DKOmice after HFD intake for 38weeks (Fig-
ure 3A), with a total prevention of pulmonary damage (Figure 3B).
Antibiotic treatment had no effect on the survival of the WT
cohort (Figure 3C).
Transmissible Pulmonary Damage and Lethality
To further address the contribution of gut microbiota, we co-
housed WT mice with DKO mice at the time of weaning, namely
3 weeks of age, and then placed them on the HFD at the age of
6 weeks. Intriguingly, cohoused WT mice exhibited higher mor-
tality following chronic HFD feeding, with a 22% mortality rateCell Reports 8, 137–149, July 10, 2014 ª2014 The Authors 139
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Figure 2. Nonhematopoietic Expression of TLR2/TLR4 Is Required for the Protection from Diet-Induced Pulmonary Damage and Premature
Lethality
(A) Schematic diagram showing the experimental procedure of bone marrow transplantation. Recipients were treated with broad-spectrum antibiotics (Abx)
ciprofloxacin and metronidazole in drinking water 2 weeks before and 1 week after BMT. Mice were put on HFD after a 6-week after BMT recovery.
(B) Survival curves of chimeric mice. * and **, comparing WT➞DKO and DKO➞DKO, respectively, to the two WT recipient cohorts by the log-rank (Mantel-
Cox) test.
(C) Representative H&E images of the lungs in WT recipient mice showing normal pulmonary architecture.
(D) Representative H&E images of the lungs in DKO recipient mice showing diffuse pulmonary edema and hemorrhage in airways and alveolar parenchyma.
Representative data of three independent cases are shown.
(E) Survival curves of chimeric mice as in (B) on an LFD. n.s., no significance by the log-rank (Mantel-Cox) test.versus 9% in single-housed mice (Figure 4A). The cohousing
effect was more pronounced in BMT chimeric mice where WT
and DKO recipients were cohoused since weaning: 7 out of 19
(37%) WT/DKO➞WT chimeras cohoused with DKO chimeras
died within a 30-week HFD, whereas all survived when singly
housed (Figure 4B). Cohousing did not affect the mortality of
WT/DKO➞DKOchimeras (Figure 4B). In both studies, cohousing
eliminated the statistical significance observed between single-
housed cohorts (Figures 4A and 4B). Strikingly, histological ex-
amination revealed that these moribund WT mice exhibited
similar pulmonary pathologies as those of the DKO mice (Fig-
ure 4C). Next, we performed oral fecal transplantation, where
DKO➞WT mice were orally gavaged twice a week for 3 weeks
with feces from either WT or DKO mice on a 17-week HFD
concurrently with HFD feeding. Strikingly, mice receiving DKO
feces died within 17–19 weeks postgavage with pulmonary
hemorrhage, whereas those receiving WT feces survived (Fig-
ure 4D). Taken together, these data provide strong evidence
for transmissible gut microbiota in DKO mice following chronic
HFD feeding that is dominant in disease pathogenesis.140 Cell Reports 8, 137–149, July 10, 2014 ª2014 The AuthorsDiet and Innate Deficiency Modify Microbiota
Composition in DKO Mice
Next, we determined how both HFD and innate deficiency affect
fecal microbiota composition in our WT and DKO mice on either
an HFD or LFD for 17 weeks.We performed culture-independent
PCR amplification of the variable 4 (V4) region of bacterial 16S
rRNA genes followed by Illumina sequencing. The quality-filtered
sequences were analyzed using UniFrac (Lozupone and Knight,
2005). Principal coordinate analysis (PCoA) of unweighted
UniFrac distance between samples revealed that HFD feeding
had a profound impact on the microbiota composition in both
WT and DKO cohorts when compared to age- and gender-
matched mice on the LFD (Figure 5A; Figure S3). Moreover, WT
and DKO mice had distinct microbial profiles regardless of diet,
as revealed in PCoA of the unweighted UniFrac distances (Fig-
ure 5A) and relative abundance of the bacteria (Figure S3A),
pointing toa likely effect of familial transmissionongutmicrobiota
(Ubeda et al., 2012). Profiles of gut microbiota between WT and
DKO cohorts were further separated from a 10- to 17-week
HFD (Figure 5B).WhereasBacteroidales (phylum:Bacteroidetes)
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Figure 3. HFD-Induced Lethal Pulmonary Damage Is Prevented by Antibiotic Treatment
WT or DKO mice on HFD were given drinking water with or without (CON) a combination of antibiotics (Abx) including ampicillin, neomycin, vancomycin, and
metronidazole.
(A) Survival curves of DKO mice. p value is determined by the log-rank (Mantel-Cox) test.
(B) Representative H&E images of lungs from DKO mice on HFD with or without Abx. Representative data of three independent cases are shown.
(C) Survival curves of WT mice.
See also Figure S2.were the major representative signature operational taxonomic
unit (OTU) accounting for the differences in gut microbiota
compositionbetweenWTandDKOmiceon theLFD (FigureS3B),
Clostridiales (phylum: Firmicutes) became the predominant
signature OTU when the mice were on the HFD (highlighted in
red in Figure 5C). A complete list of changes at the levels of order,
genus, andOTU is shown inTableS1.Among141OTUs thatwere
significantly different betweenWT and DKOmice on the HFD, 87
were higher in DKO mice (Table S1). Among these 87 OTUs, 56
(64%) were highly enriched in DKO mice only after chronic
HFD whereas remaining undetectable or low in other cohorts
(Figure S3C), pointing to a combinatorial effect of diet and innate
deficiency on gut microbiota composition. Some examples are
shown in Figures 5D–5F. Notably, most of these signature
sequences present only in DKO mice on HFD poorly matched
any known bacterial species (Figures 5D and 5E).
Next, we examined gut microbiota composition in BMT
cohorts to further assess the effect of innate immunity on gut
bacteria. Because recipients orally received ciprofloxacin and
metronidazole for 3 weeks (Figure 2A), microbiota was expect-
edly reshaped (Dethlefsen et al., 2008; Willing et al., 2011).
Intriguingly, following a 6-week HFD feeding, gut microbiota
in WT➞DKO chimeras was distinct from that in DKO➞DKO chi-
meras, but not between the two WT recipient chimeras (Figures
S4A and S4B). This finding was unexpected, because the
recipients—the DKO mice—were littermates, pointing to the
effect of innate deficiency on microbiota. The difference in
gut microbiota composition between chimeric WT and DKO
recipients on HFD was still largely driven by changes in the
bacterial order Clostridiales (Figures S4C and S4D). Thus,
host innate immunity plays an important role in influencing
microbiota composition.CohousingModifiesMicrobiota Composition ofWTMice
Cohousing at weaning for over 20 weeks altered microbiota
compositions of WT mice on HFD, which became similar to the
communities of DKO mice (Figure 6A). Figure 6B shows the
top OTUs that changed in relative abundance in WT fecal micro-
biota due to cohousing. Interestingly, several OTUs that were
signatures of single-housed DKO mice fed the HFD were now
found in the cohoused WT mice (Figure 6C). Thus, cohousing
modifies microbiota composition and presumably leads to the
expansion of pathogenic bacteria in WT mice.
Mucosal Innate Immunity Is Impaired in DKO Mice Fed
HFD
Next, we further explored possible causes of gut dysbiosis. Pre-
vious studies have shown the importance of the TLR-MyD88
signaling axis in Paneth cells in the expression of antimicrobial
peptides (Vaishnava et al., 2008). Indeed, examination of ileum
revealed significant reduction of Paneth cell granules and
numbers per crypt in the ileum of DKO mice compared to those
of WTmice on both LFD and HFD (Figures S5A and S5B). mRNA
levels of various antimicrobial peptides including Lyz1 (encoding
Lysozyme), defa (Defensin a), andCr2 (Cryptdin 2) in the small in-
testine of DKO mice were lower than those in WT mice (Fig-
ure S5C). More profound changes were seen in cohorts with
HFD feeding (Figures S5B and S5C). This was further confirmed
by immunofluorescence staining of Lysozyme C, a marker of
Paneth cells (Figure S5D). Expression of various antimicrobial
peptides in WT mice was not affected by cohousing with DKO
mice (Figure S5E), suggesting that innate deficiency, rather
than microbiota, may primarily account for Paneth cell defect.
Although TLR signaling has been implicated in epithelial prolifer-
ation and repair in response to injuries (Abreu et al., 2005),Cell Reports 8, 137–149, July 10, 2014 ª2014 The Authors 141
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Figure 4. HFD-Induced Pulmonary Damage and Mortality Are Transmissible to Wild-Type Mice by Cohousing and Fecal Transplantation
(A and B) Survival curves of single- and cohousedWT andDKOmice (A) and BMT chimericmice (B) on HFD. Cohoused groups are shownwith solid lines and their
labels are boxed. Recipients with the same genotype are grouped. The log-rank (Mantel-Cox) test was used for statistical analysis.
(C) Representative H&E images of lungs of DKO➞WT mice on HFD, either single-housed or cohoused with DKO➞DKO mice (n = 5 each).
(D) Representative H&E images of the lungs of DKO➞WTchimericmice (n = 2 each) that were gavaged twice aweek for a total of 3weekswith feces ofWT or DKO
mice on HFD (for 17 weeks) showing pulmonary hemorrhage in mice receiving fecal transplantation fromDKOmice but not WTmice. Recipients were put on HFD
concurrent with the first gavage. Recipients gavaged with DKO feces died at 17 and 19 weeks of an HFD, whereas those with WT feces survived.we observed no obvious abnormalities in overall intestinal
morphology (e.g., enteritis, etc.) and proliferating cell nuclear an-
tigen-positive proliferating cells in the small intestine of WT and
DKO cohorts (Figures S6A and S6B). Together, TLR2/TLR4 defi-
ciency impairs Paneth cell function while having no effect on
epithelial proliferation.
Increased Bacterial Translocation in DKO Mice on HFD
Gut permeability of DKO mice as measured by the absorption of
dextran-fluorescein isothiocyanate (FITC) was comparable be-
tween the two HFD cohorts (Figure 7A; Figure S5F), as was the
expression of tight junction genes in the small intestine (Fig-
ure S5G). However, serum endotoxin level was significantly
higher in DKO mice on HFD (Figure 7B). These data are in line
with a previous report showing increased bacterial load in the
spleen of mice deficient in TLR signaling in the absence of any
measureable changes in intestinal barrier function (Slack et al.,
2009). Indeed, levels of TNF-a-expressing activated CD8+ cyto-
toxic and CD4+ T cells were elevated in the spleen of DKO mice
on HFDwhen compared to those of the HFD-fedWT cohort (Fig-
ure 7C). This response was bacteria elicited, as it was attenuated
by antibiotic treatment (Figure 7C). Similarly, a 2-fold increase of142 Cell Reports 8, 137–149, July 10, 2014 ª2014 The Authorsactivated IFN-g+ CD4+ TH1 and CD8
+ cytotoxic T cells and a
4-fold increase of Gr-1+ CD11b+ neutrophils were observed in
the spleen of WT➞DKO chimeras relative to those in the
WT➞WT chimeras (Figures 7D and 7E), pointing to an active im-
mune response. Because we were not able to detect bacteria in
the lung of DKO mice fed the HFD using Gram staining, quanti-
tative (q)PCR, and in vitro bacterial culture (Figures S6C and
S6D and data not shown), we speculate bacteria-derived toxin(s)
as the possible culprit.
Increased Pulmonary Cell Death and Reduced Tight
Junction in the Lung of DKO Mice on HFD
Noncardiogenic pulmonary edema is often associated with
increased cell death (Perina, 2003). To directly assess cell death,
we performed TUNEL staining on lung sections. Strikingly,
massive amounts of apoptotic cells were detected in the lungs
of DKO mice on a chronic HFD, whereas no apoptotic cells
were present in the WT cohort (Figure 7F). Consistently, expres-
sion of a key antiapoptotic gene, Bcl2, was downregulated in
DKOmice (Figure 7F). Moreover, because tight junction proteins
are essential for epithelial barrier function and defects in tight
junctions are known to prime the lung for pulmonary edema
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Figure 5. Chronic HFD Intake and Innate Deficiency Affect Microbiota Composition
(A) Principal coordinate analysis of fecal microbiota from single-housed WT and DKO mice on an LFD or HFD for 17 weeks.
(B) PCoA of fecal microbiota from single-housed WT and DKO mice on HFD for 10 or 17 weeks of the same set of mice.
(C) Heatmap showing the relative abundance of the top bacterial OTUs representing the difference between WT and DKO mice after a 17-week HFD feeding.
OTUs belonging to the order of Clostridiales are highlighted in red. P, phylum; C, class; O, order; F, family.
(D–F) Examples of the OTUs significantly enriched only in HFD-fed DKOmice, showing the synergistic effect of HFD and TLR deficiency on the abundance of gut
microbiota. OTUs belong to the order Clostridiales (D), Bacteroidales (E), and Lactobacillales (F). a.u., arbitrary units. The phylum, class, order, and family of each
OTU are indicated. A complete list of changedOTUs is shown in Table S1. n = 5–6mice each. **p < 0.01; ***p < 0.001 by Student’s t test with Bonferroni correction.
See also Figures S3 and S4 and Table S1.and hemorrhage (Koval, 2013), we next examined the expression
of tight junction genes. Indeed, several genes involved in tight
junctions were downregulated in the lung of DKO mice on HFD
(Figure 7G). Surprisingly, transcript levels of various inflammatorygenes including Tnfa, Il6, Il1b, and il18 in the lungs were compa-
rable betweenWTandDKOmice (Figure 7H). This finding is remi-
niscent of an early study showing that lethal toxin derived from
Clostridium sordellii increases lung permeability and causesCell Reports 8, 137–149, July 10, 2014 ª2014 The Authors 143
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Figure 6. Cohousing Modifies Microbiota Composition of Wild-Type Mice
(A) PCoA of fecal microbiota from WT and DKO mice on HFD either single housed for 17 weeks or cohoused for 24 weeks.
(B) Heatmap showing the relative abundance of the top bacteria OTUs representing the difference between single- and cohoused (with DKOmice) WTmice (as in
A). OTUs belonging to the order of Clostridiales are highlighted in red.
(C) Examples of the OTUs (from the order Clostridiales) that were transmitted from DKO to cohoused (co-) WT mice. Dashed lines indicate that mice were single
housed. a.u., arbitrary units. n = 3–6 mice each. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant by Student’s t test with Bonferroni correction.lung damage in the absence of inflammation (Geny et al., 2007).
Finally, pointing to a possible role of gut-derived bacterial
toxin(s) in disease pathogenesis, intraperitoneal (i.p.) challenge
of 8-week-old WT mice with filter-sterilized water-soluble gut
luminal contents from DKO mice on HFD, but not WT mice on
HFD, caused pulmonary hemorrhage after 16 hr (Figure 7I).
Thus, toxin-mediated pulmonary cell death is likely a possible
cause of lethal pulmonary damage in DKO mice on HFD.
DISCUSSION
Consumption of a Western diet, one of the driving forces for
the obesity epidemic and type 2 diabetes, may promote the
expansion of pathobionts that are associated with increased
incidence of colitis or hepatocellular carcinoma in genetically
susceptible mice (Devkota et al., 2012; Henao-Mejia et al.,144 Cell Reports 8, 137–149, July 10, 2014 ª2014 The Authors2012; Ley et al., 2006; Turnbaugh et al., 2006; Vijay-Kumar
et al., 2010; Wang et al., 2011; Yoshimoto et al., 2013). How
obesity and Western diet are linked to lethality remains vague.
Here our data demonstrate that chronic intake of HFD promotes
pulmonary damage and mortality in genetically susceptible
mice. Strikingly, similar to recent reports of transmissible colito-
genic and metabolic phenotypes (Couturier-Maillard et al.,
2013; Elinav et al., 2011; Henao-Mejia et al., 2012; Zenewicz
et al., 2013), our data show transmissibility of pulmonary dam-
age and mortality through cohousing and fecal transplantation,
pointing to the presence of a dominant bacterial factor(s) in the
intestines of DKO mice fed an HFD. Our data show Paneth
cell defects, alterations in microbiota composition, and elevated
circulating bacterial toxins in DKO mice on HFD, which are
associated with reduced tight junction gene expression and
elevated cell death in the lung.
Our study is in line with previous studies showing that specific
changes of TLR/MyD88 innate signaling as well as inflamma-
some signaling pathways may impair Paneth cell function and
thereby are associated with altered gut microbiota composition
(Caricilli et al., 2011; Elinav et al., 2011; Henao-Mejia et al., 2012;
Vijay-Kumar et al., 2010). Our extensive microbiota sequencing
data indicate that the majority of bacterial species enriched in
DKO mice on HFD (versus WT mice on HFD) are expanded dur-
ing HFD feeding, thereby arguing for the role of innate immunity
in shaping gut microbiota and disease pathogenesis. Moreover,
sequencing analyses of gut microbiota from BMT chimeric mice
following a 6-week HFD reveal that gut microbiota in DKO➞DKO
chimeras are distinct from those in WT➞DKO chimeras. These
data provide strong support for the role of innate deficiency in
shaping microbiota composition. Thus, our data demonstrate
that host innate immunity plays an important role in influencing
microbiota composition. By contrast, a recent study showed
that alterations in the microbiota of TLR-deficient mice may be
mediated by familial transmission rather than innate deficiency
(Ubeda et al., 2012). We speculate that the discrepancy between
the studies may be due to differences in sampling points for mi-
crobiota composition and diet in these studies. In Ubeda et al.
(2012), samples were collected 5–7 weeks after weaning on an
LFD, where similar microbiota compositions were observed
between different genotypes in the same litter. In this study,
samples were analyzed at least over 13 weeks, 20 or 24 weeks
in some cases, postweaning or postcohousing. Moreover, our
studies were performed over the course of 3 years with several
breeding pairs, during which diet-induced lethality was consis-
tently observed. Therefore, we conclude that microbiota differ-
ences between WT and DKO cohorts in our study cannot be
explained exclusively by familial transmission and that, rather,
HFD and TLR2/TLR4 deficiency synergistically alter the structure
of bacterial community, whichmay favor the outgrowth of poten-
tially virulent species or pathobionts in the gut.
Similar to anyother disease,diseaseetiologyandpathogenesis
of pulmonary damage in our study are likely to be complex. Our
data indicate a connection between the acquisition of gut dysbio-
sis and lethal pulmonary damage in DKOmice where the lethality
is associatedwithchronic intakeofHFD,preventablebyantibiotic
treatment and transmissible through cohousing or fecal trans-
plantation. In addition, we show that i.p. challenge of WT mice
with water-soluble gut luminal contents from DKO mice on HFD
causes damage to the lung, whereas those from WT mice on
HFD do not. Thus, these data suggest that the susceptibility to
pulmonary damage observed in DKO mice may be a result of
complex interactions between the gut microbiota and innate
immunity at the level of specific cell types such as the intestinal
epithelial cells (e.g., Paneth cells). However, the exact origin of
the phenotype cannot be firmly identified with the use of whole-
body DKO mice. Genetic defect of TLR2/TLR4 in tissues such
as the liver, lung, or intestines may contribute to disease pathol-
ogies, which requires the generation and characterization of tis-
sue- and cell-type-specific DKO mice. Moreover, we cannot
conclusively exclude other possibilities such as the role of lung
microflora. The functional role and implications of lungmicrobiota
are unknown at this point, but this is a promising avenue for future
investigations, particularly given the recent literature that haslinkedmicrobiota in the lungwithhealthyordiseased lung (Blainey
et al., 2012; Erb-Downward et al., 2011; Hilty et al., 2010).
Although pulmonary damage in our study is acute, an extended
feeding period or ‘‘incubation period’’ (time from initial HFD
feeding to death) is required before the development of severe
pulmonary damage and peak mortality. This is likely attributable
to a gradual change in gut microbiota composition, the over-
growth of a specific gut pathogen(s), and/or production of a
threshold level of a deleterious bacterial product(s) leading to sys-
temic translocation and pulmonary alveolar endothelial damage.
In addition, a recent study showed that an HFD andHFD-induced
obesity in WT mice do not dramatically affect inflammatory
response in the lung but do modulate sensitivity to lipopolysac-
charide challenge (Tilton et al., 2013). Moreover, our data show
decreased tight junction gene expressionwith elevated cell death
in the lung of DKO mice on HFD. Because tight junction proteins
are essential for epithelial barrier function and the junctional dete-
riorationoften leads to pulmonary edemaandhemorrhage (Koval,
2013), this finding provides a possible molecular mechanism
underlying disease pathogenesis. Future studies are required to
further elucidate how tight junction genes are regulated.
Defining the role of a specific bacterial species or toxin(s) re-
mains extremely challenging given diverse gut bacteria and com-
plex disease pathogenesis (Kamada et al., 2013). Our bacterial
sequencing reveals increased abundance of several bacteria
belonging to the order Clostridiales (phylum: Firmicutes) in DKO
mice on HFD, which are found inWTmice upon cohousing. Clos-
tridia are one of the most prominent Gram-positive and spore-
forming bacteria indigenous to the murine gastrointestinal tract
(Momose et al., 2009). Certain species of Clostridia secrete me-
tabolites that are required for the optimal induction of intestinal
regulatory T cells independent of TLR signaling (Atarashi et al.,
2011). Clostridia species have also been implicated in themainte-
nance of mucosal homeostasis and the pathogenesis of inflam-
matory bowel disease (Frank et al., 2007; Sokol et al., 2009).
Certain members of the Clostridium genus have well-established
pathogenicpropertiesandarecapableof producingpotent toxins
(Lopetuso et al., 2013; Songer, 2004; Taur and Pamer, 2013),
which may contribute to pulmonary alveolar endothelial damage
and vascular permeability (Songer, 2004). Indeed, administration
of bacterial toxins such as those from C. sordellii in mice causes
similar lethal pulmonary damage as reported in this study (Bourke
et al., 1994; Geny et al., 2007; Pusterla et al., 2008; Saeed et al.,
2012). Whether certain members of the Clostridium genus are
responsible for pulmonary damage in DKO mice remains to be
demonstrated. A better understanding of host-microbiota inter-
actionswill be essential for future efforts to target specific subsets
of gut microbiota as a therapeutic means. The conclusion of
this study may be important for patients with immunodeficiency
or immune suppression, particularly those on chemotherapy or
radiotherapy, where gut microbiota-caused conditions are often
life threatening (Taur and Pamer, 2013).EXPERIMENTAL PROCEDURES
Summary of Animal Experiments
WTC57BL/6 mice were purchased from the Jackson Laboratory (000664) and
bred in our own colony. TLR2/TLR4 double knockout mice on the C57BL/6Cell Reports 8, 137–149, July 10, 2014 ª2014 The Authors 145
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Figure 7. Hyperendotoxemia and Increased Pulmonary Cell Death in DKO Mice on HFD
(A) Serum dextran-FITC levels 4 hr postgavage in mice on an LFD or 27-week HFD. n = 4–12 mice each.
(B) Serum endotoxin levels in mice on an LFD or 27-week HFD. n = 8–10 mice each. EU, endotoxin units.
(C) Flow cytometric analysis of TNF-a+ CD4+ and TNF-a+ CD8+ T cells in the spleens of mice fed an HFD with or without Abx for 5 weeks. n = 3–4
mice each.
(D and E) Flow cytometric analysis of activated IFN-g+ CD4+ and IFN-g+ CD8+ T cells and Gr1+ CD11b+ neutrophils in the spleens of BMT chimeric mice on HFD
for 24 weeks. Quantitation is shown in (E). n = 3–4 mice each.
(F) Representative confocal images of TUNEL staining (green) of lungs from mice on HFD over 24 weeks. Right: qPCR analysis of the antiapoptotic gene Bcl2.
Bcl2, B cell lymphoma 2. n = 3 each. DAPI, 40,6-diamidino-2-phenylindole.
(G) Quantitative PCR analysis of tight junction genes in the lungs of WT or moribund DKO mice on HFD for 29–36 weeks. a.u., arbitrary units. n = 3 mice each.
Cldn1, claudin 1; Ocln, occludin; Cdh1, cadherin 1; ZO1, tight junction protein 1; Jam1, F11 receptor.
(H) Quantitative PCR analysis of inflammatory genes in the lungs of WT or moribund DKOmice on HFD. Tnfa, tumor necrosis factor a; Il6, interleukin (IL)-6;Mip1a,
chemokine (C-C motif) ligand 3; Ifng, interferon-g; Il1b, IL-1b; Il18, IL-18; Nlrp3, NLR family, pyrin domain containing 3; Asc, PYD and CARD domain containing;
Nfkbia, nuclear factor of k light polypeptide gene enhancer in B cell inhibitor a; Emr1, epidermal growth factor-like module containing, mucin-like, hormone
receptor-like sequence 1; Il12a, IL-12a; Nos2, nitric oxide synthase 2, inducible; Rantes, chemokine (C-C motif) ligand 5. n = 3 mice each.
(legend continued on next page)
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background (backcrossed over six generations) were generated by Shizuo
Akira (Osaka University) and provided to us by Lynn Hajjar (University of Wash-
ington) via David Russell (Cornell University) (Darveau et al., 2004). The DKO
and WT control mice were bred, reared, and housed separately in our specific
pathogen-free facility. Of note, we recently generated a transgenic mouse line
on the B6 background in our colony and reported that they survived well
beyond 1 year on HFD (Sha et al., 2014), excluding the possibility of the exis-
tence of a peculiar pathogen in our facility. Micewere bred, reared, and housed
in separated microisolators (i.e., single housed by genotype) in our brand new
pathogen-free facility. In cohousing experiments, 3-week-old DKO and WT
pups were weaned in the same cages, four or five mice per cage, and fed a
60% HFD when they reached 6 weeks of age. In the antibiotic administration
experiments, mice were given metronidazole (1 g/l; RPI), ampicillin (1 g/l;
Fisher), vancomycin (0.5 g/l; VWR), and neomycin (1 g/l; Fisher) in the drinking
water throughout the period of HFD feeding. Fresh drinking water containing
antibiotics was supplied every 4–7 days. BMT was carried out as previously
described (Sunet al., 2012b). Briefly, 6-week-old recipientmalemicewere sub-
lethally irradiated (10 Gy) and transplanted with 5 million bone marrow cells via
intravenous injection. Twoweeks before irradiation,micewere treatedwithwa-
ter containing 0.2 mg/ml ciprofloxacin and 1 mg/ml metronidazole and main-
tained for a total of 3 weeks. After a 6-week recovery, recipient mice were
fed an HFD or LFD. For the cohousing BMT experiments, recipients were co-
housed with WT and DKO mice since weaning prior to BMT as recipients. For
fecal transplantation, feces from eight WT or DKO mice on a 17-week HFD
were pooled, ground in PBS, and filtered through a 70 mm nylon mesh (Fisher).
The concentration of filtrate was adjusted to 300 mg feces/ml and recipient
micewere gavagedwith 500 ml filtrate each, twice aweek for a total of 3 weeks.
The two cohorts of recipientmicewere separately housed and put onHFDcon-
current with the first gavage. For i.p. challenge of filter-sterilized water-soluble
gut luminal content, all intestinal luminal contents from both the small intestine
and colon were collected from one moribund DKO and one healthy WT mouse
on HFD for 35 weeks. Supernatants were filtered with a 70 mm nylon mesh
(Fisher) followed by a 0.45 mm filter (Millipore). The solutions were collected
and adjusted to 1 ml with PBS and injected intraperitoneally into 8-week-old
WT mice on an LFD at 500 ml per mouse. Sixteen hours later, mice were sacri-
ficed and the lungs were collected and subjected to histological analysis.
In all of the studies, micewere carefully monitored for bodyweight, activities,
and overall health. Moribund mice with labored breathing and lethargy were
euthanized and subjected to complete postmortem and histological examina-
tion of all major organs. For mice that were found dead without obvious clinical
signs, postmortem examination was carried out to identify the cause of death.
Only age-matched male mice were used in the survival studies. Mice were fed
an LFD composed of 13% fat, 67% carbohydrate, and 20% protein from
Harlan Teklad (2914). For chronic HFD feeding, 6-week-old males were fed
a 60%HFD with 60% fat, 20% carbohydrate, and 20% protein from Research
Diets (D12492) for up to a year. Fatty acid composition of the diets has been
previously described (Ji et al., 2012b). All animal procedures were approved
by the Cornell University Institutional Animal Care and Use Committee.
Hematoxylin and Eosin Histology and Disease Diagnosis
Tissues were fixed in 10% neutral-buffered formalin and processed by the
Cornell Histology Core Facility for sectioning and hematoxylin and eosin
(H&E) staining on a fee-for-service basis. Tissue section examination was
performed by a board-certified veterinary pathologist.
Fecal Bacterial Analysis
Stool sampleswere collected frommice, snap-frozen, and stored at80C until
use. Total DNA was extracted using the PowerSoil DNA isolation kit (MO BIO
Laboratories) with a bead-beating method per the supplier’s protocol. Stool
DNA samples from cohorts treated with or without antibiotics were subjected
to qPCR analysis targeting the conserved region of the 16S rRNA gene for all(I) Lung histology of WTmice on an LFD intraperitoneally challenged with filter-ste
HFD for 35 weeks. Note the pulmonary hemorrhage in the lungs of WT mice inje
Values indicate mean ± SEM. Statistical analyses in (A)–(C) were performed with o
by Student’s t test. See also Figures S5 and S6.groups of bacteria as previously described (Fierer et al., 2005). Primers were
Eub338, 50-ACTCCTACGGGAGGCAGCAG-30, and Eub518, 50-ATTACCGCGG
CTGCTGG-30. Bacterial 16S rRNAgeneswere amplifiedusingprimers for theV4
region (515Fandbarcoded806R)with5PRIMEHotMasterMix (FisherScientific).
Primer sequences can be found at the Earth Microbiome Project (http://www.
earthmicrobiome.org/emp-standard-protocols/16s). Duplicate PCR reactions
were performed for each sample, combined, and purified with Mag-Bind E-Z
Puremagnetic beads (Omega). After quantification with the Quant-iT PicoGreen
assay (Invitrogen), the PCR products were sequenced using the paired-end
250bpwith IlluminaMiSeqplatformat theCornell BiotechnologyResourceCen-
ter Genomics Facility. Mate pairs were merged using the fastq-join command in
the ea-utils softwarepackage (Aronesty, 2011), and themerged sequenceswere
analyzed using the software QIIME (http://qiime.org/documentation_index.
html). Closed-reference OTU picking at 97% identity was done against the
October 2012 Greengenes database (McDonald et al., 2012), and the UniFrac
b-diversitymetricwascalculatedon the resultingOTUabundancesafter rarefac-
tion to 27,233 sequences per sample. PCoA was performed on the unweighted
UniFrac distancematrix. Over/underrepresentedOTUs in a given category (e.g.,
HFD versus LFD, WT versus DKO) were identified using the Predictive Analysis
of Microarrays package for R software (http://www.r-project.org), which imple-
ments a ‘‘nearest shrunken centroid’’ classification method.
Statistical Analysis
Results are expressed as mean ± SEM. Comparisons between groups were
made using either the unpaired two-tailed Student’s t test of Microsoft Excel
for two-group comparisons or the one-way ANOVA test with Tukey post tests
of GraphPad Prism software for multigroup comparisons. Statistical analyses
for survival curves were performed using the log-rank (Mantel-Cox) test.
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